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ampr  13  15.2±0.785  A 
vvl  16  11.2±0.708  B 










































ampr  16  0  2  11  3  3  0  1  0  1  11 
vvl  15  15  0  0  0  1  3  11  0  0  0 














































































































ampr + acetone  19  N/A  0  6  11  2  0  3  0  2  0  1  13 
ampr + JH  7  25ng/μl  0  0  7  0  0  1  0  0  0  0  6 
ampr + 
methoprene 
14  30mM  0  2  5  5  2  5  0  2  0  7  0 
 
vvl + acetone  20  N/A  20  0  0  0  0  1  0  19  0  0  0 
vvl + JH  11  25ng/μl  11  0  0  0  0  0  0  11  0  0  0 
vvl + 
methoprene 
16  30mM  16  0  0  0  0  6  3  7  0  0  0 
 
met + acetone  25  N/A  10  15  0  0  0  0  1  8  11  4  1 
met + JH  17  25ng/μl  10  7  0  0  0  1  0  5  11  0  0 
met + 
methoprene 
































ampr + acetone  17  12.0±1.03  A 
ampr + JH  16  12.1±1.06  A 
ampr + methoprene  10  19.4±1.34  B 
       
vvl + acetone  19  9.37±0.577  A 
vvl + JH  19  9.89±0.577  A 
vvl + methoprene  11  14.9±0.759  B 
       
met + acetone  25  10.6±0.618  A 
met + JH  17  10.9±0.749  A 
met + methoprene  15  11.1±0.798  A 
 
 
43 
 
 
 
Figure 14. Phenotypic effect of dsRNA injection with methoprene and acetone treatments. (A‐F) Acetone‐treated animals. (A) Size 
comparison of ampr, vvl and met dsRNA injected animals treated with acetone. (B) vvl dsRNA‐injected prepupa (C) vvl dsRNA‐
injected prepual gin traps (D) vvl dsRNA‐injected prepupal complex eyes (E) ampr dsRNA‐injected adult (F) met dsRNA‐injected 
eclosed adult. (G‐L) Methoprene‐treated animals (G) Size comparison of ampr, vvl and met dsRNA injected animals treated with 
methoprene. (H) vvl  dsRNA‐injected prepupa. (I) vvl dsRNA‐injected prepupal gin traps (J) vvl dsRNA‐injected prepupal complex eyes 
(K) ampr dsRNA‐injected arrested pupa (L) met dsRNA‐injected eclosed adult. All animals (G‐L) were treated with methoprene. Scale 
bars represent 0.5mm. 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Expression of Kr‐h1 in normal and JH treated larvae 
 
To determine whether vvl was affecting downstream targets of the JH pathway, semi‐
quantitative RT‐PCR analysis was performed on Day 4 fifth instar Tribolium larvae injected with 
vvl dsRNA and treated with either acetone (control) or methoprene on Day 0 of the fifth instar 
stage (Fig. 15). ampr dsRNA‐injected animals treated similarly were used as a comparison. An 
apparent decrease in kr‐h1 levels was observed in control vvl knockdown animals treated with 
acetone (Fig. 15), while kr‐h1 expression was normal in ampr dsRNA‐injected animals treated 
with acetone. However, when larvae were treated with 30mM of methoprene immediately 
after injection of vvl dsRNA on Day 0 of the fifth instar, kr‐h1 expression was elevated to a level 
similar to that seen in the ampr dsRNA‐injected animals treated with acetone. RT‐PCR of vvl 
expression verified the successful knockdown of the gene of interest and rp49 expression was 
constant throughout all treatments. 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Figure 15. The expression levels of the juvenile hormone response gene, kr‐h1 in dsRNA 
injected fifth instars. Larvae in the first day of the fifth instar were injected with ampr, vvl, or 
met dsRNA, and total RNA was extracted from whole body homogenates on day 4 of the fifth 
instar. The expression levels were determined by RT‐PCR and rp49 expression was used as a 
control for loading. Cycle numbers for kr‐h1, vvl, and rp49 were 34 for all genes. 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Effect of vvl RNAi on the expression of 20E response genes 
 
Vvl dsRNA‐injected larvae exhibit a unique phenotype in that they were unable to molt 
before metamorphosis. In order to determine if vvl is interacting with the ecdysone response 
pathway, we investigated the expression of 20E‐response genes in prepupae injected with vvl 
dsRNA as Day 0 final instar larvae using semi‐quantitative RT‐PCR. The expression levels of the 
ecdysone inducible early genes, br and E75, the ecdysone‐inducible delayed‐early genes, 
hormone receptor 3 and 4 (hR3, hR4), and a nuclear receptor known to be involved in ecdysone 
signal transduction, FTZ‐F1, were investigated. The relative levels of these genes were 
compared with levels in animals injected with ampr dsRNA and met dsRNA. The br mRNA levels 
in vvl knockdown prepupae were similar to those found in ampr knockdown prepupae. In 
addition, the expression of all the downstream genes, E75, hr3, hr4, and ftz‐f1 during the 
prepupal stage was not affected by the vvl knockdown (Fig. 16). These data suggest that vvl is 
not downstream of 20E in the ecdysone pathway during the prepupal period even though vvl 
dsRNA injected animals have extremely limited molting capabilities. 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Figure 16. The expression levels of 20E‐regulated genes in prepupae injected with ampr, vvl, 
and met dsRNA as day 0 seventh instar larvae. Larvae in the first day of the final instar were 
injected with ampr, vvl or met dsRNA, and total RNA was extracted from whole body 
homogenates on the day of prepupa formation. The mRNA levels were determined by semi‐
quantitative RT‐PCR and were compared to the Tribolium castaneum rp49 expression. Cycle 
numbers for br, E75, HR3, HR4, Ftz‐F1 and rp49 were 30, 34, 34, 38, 40, and 28, respectively. 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DISCUSSION 
 
In this study, we determined the knockdown effects of vvl in Tribolium and elucidated a 
possible mechanism by which it interacts with JH and ecdysone, the two major hormones 
involved in metamorphosis. Use of dsRNA‐mediated expression knockdown revealed that vvl 
plays a major role in regulating the developmental timing of metamorphosis, and that 
suppression of vvl results in precocious metamorphosis. Although similar findings have been 
described by Konopova and Jindra (2007) regarding met, it is apparent that vvl plays a different 
role in regulating metamorphosis.  
 
Role of vvl during metamorphosis – A JH perspective 
In fifth instar animals injected with vvl dsRNA, the larvae undergo premature 
metamorphosis without molting (Fig. 10). Since significant growth normally occurs between 
larval‐larval molts before metamorphosis at the end of the seventh or eighth instar, these 
animals developed into miniature prepupae (Table 2; Fig. 11). The precocious metamorphosis 
observed in vvl dsRNA‐injected larvae indicates that these larvae commit early to become a 
pupa, possibly by disrupting JH signaling. Consistent with this interpretation, we determined 
that knockdown of vvl in the fifth instars causes a down‐regulation of the expression of kr‐h1, a 
JH‐response gene, known to be transcriptionally active during the larval stage but absent in the 
pupal stage (Minakuchi et al., 2009).  
In addition, we found that vvl knockdown animals were not completely resistant to 
JH/methoprene; ectopic application of JH or methoprene delayed the timing of prepupal 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development, but was unable to maintain the juvenile stage forever (Fig. 13A&B; Table 3). The 
delay in metamorphosis observed in these JH‐treated vvl knockdown larvae suggests that vvl 
does not affect the sensitivity to JH. In contrast, JH had little effect on the final phenotype of vvl 
injected larvae since many still developed pupal characteristics such as complex eyes and gin 
traps (Fig. 14). This suggests that beyond a certain point, the larval tissues are irreversibly 
committed to a prepupal/pupal fate and are no longer sensitive to JH. Similarly, ectopic 
application of methoprene, a JH analog, was able to upregulate kr‐h1 expression in vvl 
knockdown animals (Fig. 15). Since kr‐h1 is a direct downstream target of JH (Minakuchi et al., 
2009), the down‐regulation of kr‐h1 observed in vvl knockdown animals and the rescue of its 
expression with ectopically applied methoprene indicate that Vvl knockdown causes a decrease 
in JH biosynthesis or action upstream of kr‐h1. Thus, vvl appears to act either upstream of or in 
parallel to JH to mediate developmental timing.  
 
Role of vvl during metamorphosis – An ecdysone perspective 
Another important finding regarding the mechanism by which vvl controls 
metamorphosis came from differences in molting patterns between vvl knockdown animals and 
met knockdown animals. All larvae injected with vvl dsRNA underwent precocious 
metamorphosis without molting, while met dsRNA‐injected animals almost always molted 
before metamorphosis (Table 2). This evidence suggests that vvl suppression has a strong 
inhibitory effect on the ecdysone‐signaling pathway. However, both met RNAi and vvl RNAi 
animals undergo metamorphosis at the same time (Fig. 10), suggesting that a minimum length 
of time is needed for larvae to commit to pupal development and initiate metamorphosis 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Through RT‐PCR analysis of downstream targets of the ecdysone pathway during the 
prepupal perid, we found that the mRNA expressions of downstream ecdysone signaling 
factors, such as br, E75, hr3, hr4, and ftz‐f1, do not show any changes when Vvl expression is 
silenced (Fig. 16). These findings suggest that the secretion or synthesis of ecdysteroids may be 
disrupted in vvl knockdown animals prior to entry into metamorphosis such that molting is 
inhibited.  
Ecdysone synthesis and release from the prothoracic glands is regulated by multiple 
factors. For most arthropods, the timing of molts and metamorphosis is coordinated by a rise in 
the titers of 20E in response to PTTH action on the prothoracic glands (Henrich et al., 1999). 
PTTH mutant flies have delayed onset of metamorphosis (McBrayer et al., 2007). However, 
there are other factors that influence the synthesis and release of ecdysteroids from the 
prothoracic gland. Recent studies have also implicated the insulin‐signaling pathway in the 
regulation of the timing of metamorphosis. In the silkworm Bombix mori, insulin and PTTH act 
together to mediate ecdysteroidogenesis via the P13K/Akt signaling pathway, whereas PTTH 
alone acts along the ERK signaling pathway to influence ecdysteroidogenesis (Gu et al., 2009; 
Gu et al., 2011). Since no study has demonstrated whether insulin and PTTH are sufficient to 
explain the fluctuations of ecdysteroid titers, there may be additional factors that regulate the 
timing and production of ecdsteroids. 
Ecdysis was delayed in vvl dsRNA‐injected animals, but not completely blocked since 
these animals were still able to undergo prepupal development, which requires an increase in 
20E titers (Riddiford, 1994). The ability of vvl dsRNA‐injected animals to begin metamorphosis 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suggests that some 20E is still released. Thus, Vvl might be involved in regulating one of the 
many factors involved in ecdysone synthesis and release.  
 
 
Figure 17. Proposed mechanism of Vvl action and homology with GnRH pathway.  
 
Possible conservation of control of the reproductive maturation in insects and vertebrates 
It has been suggested that puberty in humans and other mammals is another form of 
metamorphosis (Gilbert, 2010). Although seemingly different, both processes are marked by 
dramatic changes in physiology. Puberty in humans is regulated by endocrine changes in 
response to increased pulsatile release of gonadotropin releasing hormone, GnRH, from the 
hypothalamus. Although it is not entirely clear what factors are responsible for the initiation of 
puberty, this process is regulated at least in part by the release of Kisspeptin (Gottsch et al., 
2004). An integrator of environmental conditions and an unknown developmental timer have 
52 
also been suggested to play roles in regulating the timing of puberty (Gajdos et al., 2010; Sisk 
and Foster, 2004).  
 Previous studies in rats have shown that GnRH mRNA levels are present long before 
puberty, and that any pulsatile changes in mRNA abundance occurring at the time of puberty 
are most likely due to post‐transcriptional modifications, rather than changes in the primary 
transcription rate (Gore and Roberts, 1997). In effect, puberty can be viewed as a reactivation 
of GnRH secretion. Research has suggested that one protein playing a key role in modulating 
GnRH promoter activity is the POU domain transcription factor Oct‐6 (Wierman et al., 1997). 
According to Wierman et al. (1997), Oct‐6 represses GnRH activity, delaying the onset of 
puberty. In the absence of Oct‐6, GnRH is released causing pubertal development similar to 
how the absence of vvl initiates metamorphosis in insects. Furthermore, our protein alignment 
indicates that in addition to sharing a homeodomain with vertebrate Oct‐6, Tribolium vvl shares 
two additional amino acid sites near the 3’‐carboxyl end not observed in other POU domain 
transcription factors such as Brn‐1, Brn‐2, or Brn‐4 (Fig. 8). Whether or not these residues are 
important remains to be seen. 
Recently, new GnRH‐like peptide sequences have been identified in various 
invertebrates, ranging from tunicates to annelids (Roch et al., 2011). Some examples of 
invertebrate neuropeptides homologous to the GnRH family include corazonin and adipokinetic 
hormone (AKH).  A few studies have shown a potential link between these neuropeptides and 
JH synthesis. For example, studies in adult crickets (Gryllu bimaculatus and Acheta domesticus) 
have shown that AKH can inhibit JH III synthesis in vitro (Woodring and Hoffmann, 1997). It is 
possible that vvl interacts with a GnRH insect homolog, referred to here as factor X, to regulate 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the JH pathway as well as ecdysone secretion (Fig. 17). Future studies are needed to determine 
the downstream targets of vvl. A potentially conserved role of POU domain transcription 
factors during puberty and metamorphosis suggests an intriguing possibility that the regulation 
of the timing of reproductive maturation may be conserved throughout the Metazoa. 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